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Abstract: Ground source heat pump (GSHP) systems have attracted wide attention in
developing energy-efficient buildings. Considering the high upfront cost of GSHP systems,
appropriate design and control optimization are essential to enhancing their energy efficiency
and reducing the payback period. Since there are many variables influencing the performance
of GSHP systems, the commonly used rule-based approaches cannot ensure that the system is
designed and operated in an optimal manner. This paper presents an overview of recent
advances and development in optimal design and control of GSHP systems, aiming to provide
some concluding remarks and recommendations for future research in this direction. The
general optimization problems for optimal design and control of GSHP systems are first
presented. Sensitivity analysis to determine the major variables to formulate the optimization
problems is then discussed. Furthermore, recent progress in optimal design and control of
GSHP systems is reviewed. The results showed that an increasing number of single-objective
and multi-objective design optimization strategies for GSHP systems have been developed,
which seems more robust than commonly used rule-based design approaches. It was shown that
optimal control can provide a better operating performance of GSHP systems as compared to
rule-based control methods. The majority of studies used a model-based approach to formulate
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the control problem and model predictive control could play an essential role in renewable
integrated GSHP systems. However, studies on optimal control of GSHP systems are
insufficient and development of energy-efficient control strategies and evaluation of their
control reliability, effectiveness and long-term performance are needed.

Highlights:
•

Recent advances in optimal design and control of GSHP systems are reviewed

•

Multi-objective optimization methods outperformed the other design approaches

•

High energy savings are possible if control strategies are appropriately designed

•

Model predictive control can play a role in renewable integrated GSHP systems
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Nomenclature
gj(X)

optimization constraint

hk(X)

optimization constraint

xi

optimization variable

xi(l)

lower bound of xi

xi(u)

upper bound of xi

α

ratio of peak demand supplied by the GSHP system for cooling

β

ratio of peak demand supplied by the GSHP system for heating

Abbreviations
ANN

artificial neural network

ANOVA

analysis of variance
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ASHP

air source heat pump

COP

coefficient of performance

EA

evolutionary algorithm

EGN

entropy generation number

GA

genetic algorithm

GHE

ground heat exchanger

GRG2

Generalized-reduced-gradient-2

GSHP

ground source heat pump

HGSHP

hybrid ground source heat pump

HVAC

heating, ventilation, and air-conditioning

LCC

life cycle cost

MILP

mixed-integer linear programming

MOGA

multi-objective genetic algorithm

MOO

multi-objective optimization

MPC

model predictive control

PVT

photovoltaic thermal

SA

sensitivity analysis

SOO

single-objective optimization

1. Introduction
Primary energy shortage, increasing energy demand, and global warming are among the
major worldwide challenges [1]. Buildings are the major energy users and consume more than
30% of global energy usage [2], among which a significant proportion is used for heating,
ventilation, and air-conditioning (HVAC) [3]. The energy consumption of building HVAC
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systems is projected to be even higher in the future partially due to the expected population
increase [4] and increasing demand for better indoor thermal comfort [5]. Their energy
efficiency is thus becoming increasingly important to mitigate global energy demand and
reduce greenhouse gas emissions.
Significant efforts have been made on promoting energy-efficient HVAC systems [6],
integrating renewables and storage technologies into heating and cooling systems [7] and
developing innovative strategies for HVAC energy savings [8]. Among different technologies,
ground source heat pump (GSHP) has received increasing interest because of its advantages of
high energy performance, environmental friendliness and easiness to be integrated with other
energy systems [9, 10]. Nowadays, GSHP systems have been used in both residential and
commercial buildings and the installation of GSHP systems is growing continuously [11]. A
wide variety of GSHP systems which used different types of heat sources or sinks, such as
ground, groundwater, and surface water have been developed [12]. Hybrid ground source heat
pump (HGSHP) systems have also been developed to solve the ground thermal imbalance.
HGSHP systems commonly use auxiliary devices such as heat sinks or heat sources to provide
a fraction of building cooling and heating demand [13]. Such systems can alleviate ground
thermal imbalance [14], decrease the initial investment and reduce the ground area requirement
[15].
To date, many efforts have been made on mathematical modeling [16] and performance
evaluation such as thermal performance simulation [17] and exergy analysis [18] of GSHP
systems, which provided fundamental theories and references for appropriate design and
effective control of GSHP systems. One of the main barriers associated with the use of GSHP
systems is their high initial investment. Optimal design of GSHP systems can help minimize
the initial cost and ensure acceptable operating performance. Inefficient control of GSHP
systems can lead to low operating efficiency and performance degradation of their long-term
4

performance. Control optimization of GSHP systems is therefore essential to enhancing their
operating performance while delivering satisfactory indoor thermal comfort. The design aspects
of ground heat exchangers (GHEs) were recently reviewed by Aresti et al. [19], in which
different types and geometrical aspects of GHEs and modeling of GHEs were discussed and
reviewed. The research challenges related to optimal design and optimal control of GSHPs were
discussed in [20] and [21], respectively. In both studies, a number of research activities on
optimal control and optimal sizing of GSHPs were selected, reviewed and discussed in great
detail.
With rapid development in technology and continuous efforts on GSHP systems and their
deployment, many new methods and new strategies on their optimal design and control have
been continuously developed. A timely review of these latest advances and development can
provide some great insights for future research in this area and can promote the wide application
of GSHP systems in practice. In addition, it seems that general issues related to the optimization
of GSHP systems such as formulation of optimization problems, selection of optimization
methods and optimization objectives, and identification of decision variables have not been
extensively discussed in previous studies. This paper aims to provide recent progress and
advances in the research work carried out on design optimization and optimal control of GSHP
systems. General optimization problems for the design and control of GSHP systems are first
presented. Sensitivity analysis (SA) that is often used to determine the decision variables for
formulating optimization problems is then discussed. Furthermore, an overview of previous
research on optimal design and control of GSHP systems is provided. Fig. 1 illustrates the
overall structure of this study. It is noted that the studies on design optimization were reviewed
in terms of single-objective optimization (SOO) and multi-objective optimization (MOO). As
there are a limited number of studies on optimal control of GSHP systems, the review of control
optimization of GSHP systems was conducted in terms of stand-alone GSHP systems and
5

hybrid GSHP systems.

Fig. 1 Overall structure of this study.
2. General optimization problems of GSHP systems
Optimization is to find feasible solutions that can result in the extreme value of one or more
objectives subject to certain constraints [22]. The main issues related to the development of an
optimization strategy for GSHP systems mainly include: a) to define appropriate optimization
objective(s); b) to identify the key variables to be optimized and determine their optimization
constraints; c) to formulate the optimization problem and; d) to solve the optimization problem
using an appropriate method. Although design and control optimization problems for different
GSHP systems could be significantly different, the methods and approaches used to formulate
the optimization problems could be similar and can be adapted from one to another.
According to the number of objectives used, the design optimization of GSHP systems
could be categorized into SOO and MOO. The SOO is to find the optimal values of the
optimization variables that can minimize or maximize one objective function subject to a range
of optimization constraints as expressed in Eq. (1). The general MOO problem is to minimize
or maximize more than one objective simultaneously subject to a range of equality and
6

inequality constraints.
xi(l)  xi  xi(u)

i=1,2,…m

g j (X )  0

j=1,2,…n

hk ( X ) = 0

k=1,2,…p

(1)

where xi is the optimization variable, gj(X) and hk(X) are the optimization constraints, xi(l) and
xi(u) denote the lower and upper limits of xi, respectively.

The control optimization problem for GSHP systems is often to minimize system power
consumption or operational cost through optimizing operating variables such as operating
number of heat pumps, operating speed of variable speed pumps, and temperature and flow rate
settings. The optimization problems are also subjected to a range of operating constraints such
as low-temperature limit, low flow rate limit, and operating frequency limit of variable speed
pumps.
2.1 Optimization objectives
The selection of appropriate optimization objectives is important for an optimization
problem as it directly affects the optimization results. The objective functions used in the design
optimization of GSHP systems can be grouped as thermodynamic objectives and economic
objectives, as summarized in Table 1.
Thermodynamic objectives that were developed based on the first or second law of
thermodynamics are commonly used to examine the performance of heat pump systems.
System irreversibility represented in terms of entropy generation or exergy destruction is often
used to find the places where inefficiencies occur [23, 24]. Another widely used thermodynamic
objective is the coefficient of performance (COP). Other thermodynamic objectives that have
been used for GSHP systems include system performance factor [25], relative performance loss
[26], energy extraction/dissipation rate [27], and entropy generation number (EGN) [28].
7

Economic objectives aim to minimize the energy consumption or overall cost of the GSHP
system to bring financial benefits for the investors and end-users. In recent decades, total annual
cost [29], life cycle cost (LCC) [30] and total cost [31] are often used as the objective functions
in GSHP design. Exergy-based economic analysis, such as exergoeconomics [32] and
thermoeconomics [33] have been utilized to investigate and optimize GSHP systems, in which
both thermodynamic and economic objectives were considered.
The economic objectives used in the control optimization of GSHP systems are relatively
simple since the initial cost does not need to be considered. The total energy consumption and
the operational cost are mostly used as the optimization objectives.
Table 1 Summary of major objectives used in GSHP design.
Optimization objective
Entropy
generation
Exergy
Thermodynamic
destruction
objective
COP

Total annual
cost
Economic
objective

LCC
Total cost

Description
Entropy generation is a measure to
evaluate the system irreversibility.
Exergy destruction refers to the exergy
destroyed due to irreversibility.
The ratio of useful heating/cooling
energy provided by the heat pump to its
energy consumption.
A sum of the energy cost and the initial
investment cost for annual system
operation.
A sum of all recurring and one-time
costs over the full lifespan.
A sum of the initial investment and the
operating (and maintenance) costs.

References
[34, 35]
[36, 37]
[38, 39]

[29, 40]

[30, 41]
[31, 37]

2.2 Optimization methods for GSHP systems
2.2.1 Design optimization methods for GSHP systems
The design optimization problems can be formulated in different ways. In practice, rule-ofthumb methods are often used to facilitate GSHP design. Kavanaugh and Rafferty [42]
presented a rule-of-thumb design approach to determining the total length of borehole heat
exchangers. A GHE look-up table was provided in the Microgeneration Certification Standard
to determine the maximum heat that can be extracted from per unit length of borehole heat
8

exchangers [43]. These methods were reviewed and introduced in [21] with great details. Such
approaches are relatively simple and easy to implement. They can help practitioners with
minimal training and knowledge to solve the design problems of GSHP systems. However,
rule-of-thumb design methods cannot provide optimal results as the interactions of GHEs with
other components within GSHP systems were not extensively considered. These methods may
result in an inappropriately sized system and are less effective in solving the optimization
problems of complex GSHP systems.
In recent years, the model-based approach has been frequently used to develop design
optimization problems for GSHP systems. Model-based methods rely on component or system
models for performance prediction. As models (except black box models) generally have some
degrees of physical meaning, such methods can better represent the real GSHP system to be
designed and are expected to offer a more reliable solution, in comparison to the rule-of-thumb
methods. However, the development of model-based methods often requires a good
understanding of system dynamics and behaviors and a set of performance data is needed for
model training and model parameter identification. In model-based methods, an optimization
technique is often required to solve the optimization problem. For MOO design problems, the
optimization problem can be solved in two different approaches, including Pareto-based
methods and decomposition-based methods [44]. Pareto-based methods use continuously
updated algorithms to obtain dominated solutions or non-dominated solutions [44]. In Paretobased methods, the elements of the solution vectors are kept independent during the
optimization and the concept of dominance is employed to differentiate the dominated and nondominated solutions. Non-dominated Sorting Genetic Algorithm-II [45] and Strength Pareto
Evolutionary Algorithm (EA) [46] are often used to determine the Pareto front. Decompositionbased methods utilize a scalarizing function that can aggregate all the objectives into a single
scalar objective [47]. A set of weighting vectors are determined before the optimization process.
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Some decomposition-based methods used include the weighted sum method [48], ε-constraint
method [49], Benson’s method [50] and the augmented weighted Chebychev method [51].
2.2.2 Control optimization methods for GSHP systems
The control of building HVAC systems can be categorized into local control and
supervisory control [52]. Local control utilizes the control setting(s) provided by the
supervisory control or uses the predetermined control setting(s) to operate HVAC systems.
Proportional-integral-derivative controllers are among the most popular local control that has
been widely used. Supervisory (or optimal) control is to determine optimal settings for local
controllers to oversee the operation of HVAC systems by taking into account the interactions
among different components [52]. There are two main supervisory control approaches
including model-based control and data-driven control that have been frequently used to
develop optimal control strategies for building energy systems including GSHP systems. The
model-based approach utilizes performance models to estimate energy consumption or
operational cost of the system under given working conditions and an optimization tool is used
to search for the optimal solutions among different trials within the searching domain defined.
The reliability of the model-based approach can be improved by using adaptive models, in
which the parameters of the models can be continuously updated using the continuously
monitored performance data so that the performance degradation of the system can be
considered in these models [53]. Different from the model-based approach, a concrete model is
not required in the data-driven approach and the controller is directly computing the optimal
solution from the raw data. The data-driven approach often requires extensive performance data
which can be generated from significant computer simulations or substantial performance tests.
Performance map-based control and reinforcement learning control are examples of the datadriven approach. The reliability of the data-driven approach is highly dependent on the training
data used and the application range of the controller. Significant errors may result if the
10

application range of the controller is significantly different from the conditions of the training
data covered.
It is noted that several model-free approaches, such as fuzzy logic control [54] and
extremum seeking control [55], have been adapted to formulate control strategies for GSHP
systems. Such approaches used certain algorithms to establish the relationship between inputs
and outputs without requiring a performance model. Model-free control approaches have been
demonstrated to be more effective than some conventional local controllers such as on/off
control [54], but it is hard to comment on the effectiveness of these methods in comparison to
model-based control methods.
To solve optimization problems, in particular, model-based optimization problems,
optimization techniques are often required. As optimization problems related to optimal design
and control of GSHP systems are often highly nonlinear, dynamic and restricted by a number
of constraints, several optimization techniques including Nelder-Mead method [40], response
surface method [56], dynamic programming [57], EAs [37] and genetic algorithms (GAs) [58]
have been commonly used to solve the optimization problems for GSHP systems.
2.3 Decision variables
The main objective of an optimization problem is to determine the optimal values of the
main decision variables that can lead to the minimization or maximization of the optimization
objective(s). The main parameters influencing the thermodynamic and economic performance
of GSHP systems are summarized in Fig. 2. They can be generally classified into five major
groups, including soil properties, climate and piping system parameters, GHE parameters, heat
pump parameters and supplementary heat/cold source parameters. For the same GSHP system
with different optimization objectives, the key variables to be optimized may be different. Once
the installation site is determined, the main objective of the design optimization is to determine
the optimal values for the parameters of GHEs, heat pump unit, piping systems and
11

supplementary heat/cold source systems. The objective of the control optimization is to
determine the optimal operating number of heat pumps, water pumps, optimal fluid flow rate
and optimal temperature settings that can minimize the running cost of GSHP systems and the
thermal imbalance of the GHEs.
To improve the optimization efficiency and reliability, sensitivity analysis (SA) is often
used for dimension reduction to determine the major design parameters that have a significant
influence on the performance of the GSHP system while those parameters with a less
significance are often considered as constants and are not optimized in the optimization problem.
The SA methods used to determine the major variables of GSHP systems are discussed in
Section 3.

12

Parameters influencing the performance of GSHPs

Soil properties

• Soil thermal conductivity
• Soil density
• Soil diffusivity
• Soil temperature
• Soil moisture
• Grout material properties
• Ground water movement
• etc.

Climate and piping
system

Ground heat
exchanger (GHE)

• Ambient air
temperature and
humidity
• Indoor temperature
settings
• Size of the distribution
pipe network
• Water pump number,
size and type
• etc.

• GHE inlet fluid temperature
• GHE flow rate
• U-tube type, diameter and
thermal conductivity
• Borehole diameter, depth,
resistance, distance, number
and half shank space
• Loop pitch, number of pipes,
pipe length and trench length
of horizontal heat exchangers
• etc.

Supplementary
heat/cold source

Heat pump unit

• Condenser/evaporator inlet
fluid temperatures
• Condenser/evaporator flow
rates
• Condenser pressure
• Evaporator pressure
• Compressor efficiency
• Type of heat pumps
• Number of heat pumps
• etc.

• Type and capacity
• Connection and
distribution method
• Inlet fluid temperature
• Type of working fluid
• Fluid flow rate
• etc.

Fig. 2. Major parameters influencing the performance of GSHPs.
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3. Sensitivity analysis (SA)
SA has been extensively used to examine the relative relationships of the input parameters
on the simulation or experimental outputs in various types of applications [59]. SA is often used
to determine the key variables governing the system performance and optimization objectives.
This will help improve the optimization efficiency and save computational cost, without
compromising the identification of optimal results.
The SA methods commonly used can be grouped as screening methods, local methods and
global methods [60]. Local SA methods focus on the impacts of the inputs on a certain point or
a base case, while global SA methods focus more on the effects of the inputs over the whole
input space [61]. Local SA is relatively simple with low computational demand, but less reliable
compared to global SA methods. The commonly used global SA methods include regression
methods, variance-based methods, screening-based methods, and meta-modeling methods [62].
Different SA methods have been used to determine the key variables for performance
evaluation and optimal design of GSHP systems. Robert and Gosselin [31], for instance, used
the half-normal plot method to study the variation of the design variable on the impact of the
total cost of a GSHP system and it was shown that the borehole number and depth were the two
main parameters. Xia et al. [30] performed a global SA for a GSHP system with integrated
photovoltaic thermal (PVT) collectors using the Morris method. The results (Fig. 3) showed
that PVT collector, PVT type, the ratio of the tube width to the spacing, borehole depth, and
fluid flow rate per PVT tube were the major influencing parameters of this GSHP system.
Huang et al. [28, 63] utilized the Sobol’ method to determine the most influential design
parameters of vertical GHEs in terms of energy generation number. The results demonstrated
that the circulating fluid mass flow rate, borehole number, borehole depth, pipe outer radius
and borehole radius were the sensitive design parameters, which were then used as the decision
variables in the following optimization. Pu et al. [64] also used a SA analysis to investigate the
14

relative impact of various design parameters on two performance indicators, i.e. EGN and an
integrated evaluation factor associated with the overall heat transfer coefficient and pressure
drop. It was shown that the GHE inlet fluid temperature was the critical design parameter on
the EGN and the GHE inlet fluid flow velocity had a great impact on the integrated evaluation
factor. The U-tube diameter and pipe spacing had moderate impacts on both performance
indicators.
16000

Important parameters
Less important parameters
10

12000

Standard deviation

1&2: PVT area & PVT type
3: Absorber plate thickness
4: Absorber thermal conductivity
5: Insulation thickness
6: Insulation conductivity
7: Outer diameter of water tube
8: Ratio of tube width to spacing
9: Fluid flow rate per PVT tube
10&11: Borehole depth & distance
12: Borehole radius
13: U-tube outer radius
14: Grout material conductivity
15: Half shank space
16: Volume of the water tank

1

8
2

8000
9
13
11
7 16

4000

4 3 15
12
65 14

0
0

5000

10000

15000

20000

25000

Mean value

Fig. 3 Results from the sensitivity analysis of a GSHP system with integrated PVT collectors
using the Morris method [30].
Corberan et al. [65] used a quasi-steady state mathematical model to examine the
performance sensitivity of a GSHP system. It was shown that the most influential factor to
power consumption was the room air temperature set-point. The set-point of the building return
water temperature was less influential than the room air temperature, while the bandwidth of
the building return water temperature did not show a great impact on the compressor power
consumption. Casasso and Sethi [66] performed a SA to investigate the influential parameters
that impact the performance of GSHP systems through simulations. The length of the GHE was
found to be the most critical parameter. Through life cycle analysis, Hong et al. [67] also
showed that borehole length was the main influential factor for energy performance and
15

environmental impact of GSHP systems.
Taguchi method was also used to identify the key design parameters to facilitate the design
optimization of GSHP systems [68]. Taguchi method was generally used for the experimental
design, and signal-to-noise ratio and analysis of variance (ANOVA) were used to analyze the
experimental results and identify the optimum design scenarios. The results demonstrated that
optimal design strategies formulated by using the Taguchi method were able to identify the
optimal values of the design parameters and their relative sensitivities to the optimization
function.
The above studies demonstrated that SA has been frequently used to determine the major
design variables of GSHP systems so that the efforts required for performance investigation
and optimization of GSHP systems can be greatly reduced. For different objectives, the resulted
major design variables for the same system could be different. Therefore, the selection of
appropriate objective functions for SA is important to ensure that the desired optimization
results can be achieved. In addition, the computational cost of SA is highly dependent on the
SA method used and the number of parameters of interest. Moreover, determining the
appropriate range of each parameter for SA is critical, which can be generally determined based
on practical experience, trial tests, and open literature.
4. Recent progress in optimal design of GSHP systems
Research on the optimal design of GSHP systems mainly started in the middle of the 1990s.
Most of the early studies focused on the development and improvement of mathematical models
of GSHPs to facilitate system design. These early studies provided fundamental theories and
useful tools for performance evaluation of GSHP systems and also provided the foundation for
the development of design optimization strategies. In the last two decades, a number of design
optimization strategies for GSHP systems have been developed. These design optimization
strategies are reviewed in terms of SOO and MOO.
16

4.1 Single-objective optimization (SOO)
Thermodynamic objectives were normally used in the optimal design of GSHP systems.
Gultekin et al. [26] investigated the effect of the distance between vertical boreholes on the heat
transfer rate per unit borehole length through a number of simulations. Four configurations with
2, 3, 5 and 9 boreholes were investigated to determine the optimal borehole distance.
Marzbanrad et al. [34] and Li and Lai [35] used the entropy generation rate as the optimization
objective to optimize vertical GHEs. The optimal values of the major design parameters
considered were determined through simulation analysis by minimizing the entropy generation.
Kord and Jazayeri [36] conducted an exergy analysis of a GSHP system with a vertical GHE.
The optimal total length of the GHE was then identified through the minimization of system
exergy destruction. Lanini et al. [69] evaluated the energetic potential of the borehole thermal
energy storage through experimental tests and numerical simulations. The experimental and
simulation results were used to formulate the design guidelines to optimize the underground
energy storage of the vertical borehole field. Congedo et al. [70] examined the buried depth of
horizontal air-GHEs and it was found that the largest heat flux was occurred at the burial depth
of 4 m for the case studied. Through TRNSYS simulation, different design options were studied
to examine how each parameter (e.g. pipe number, air flow rate, soil thermal conductivity)
influences the performance of the horizontal air-GHEs [71]. By using different performance
indicators such as COP and Energy Efficiency Ratio, the authors [72] further identified the best
configuration for an ASHP integrated with a horizontal earth-to-air heat exchanger. Congedo
et al. [73] investigated the optimum configuration of horizontal GHEs through numerical
simulations. Three geometry configurations of horizontal GHEs (i.e. linear, helical and slinky
GHEs) were developed using FLUENT and their performance was investigated under different
buried depths, heat transfer fluid velocities and ground thermal conductivities. Fan et al. [74]
optimized the borehole distance, borehole depth, and properties of the backfill material of a
17

GSHP system with integrated cooling towers based on the average soil temperature variation
after 10-year operation via theoretical analysis. Most of the above studies solved the design
problem by comparing the system performance with different sets of design parameters without
using a specific optimization technique. The optimization results obtained from these studies
may not be optimal because not all possible solutions were considered.
To identify ‘globally’ optimal solutions, a number of SOO strategies which considered the
system-level interactions among the GSHP systems have been developed. Huang et al. [28], for
instance, developed a design strategy for vertical GHEs by using an entropy generation
minimization method. The key design parameters of vertical GHEs were first determined using
a global SA method and then optimized by a GA optimization technique. Esen and Turgut [38]
proposed a design optimization strategy for GSHP systems with vertical GHEs. Taguchi
method was applied to design the experiments, and ANOVA and signal-to-noise ratio were
used to evaluate the experimental results and identify the optimum design scenario to maximize
the system COP. Verma and Murugesan [39] utilized the Taguchi method and utility concept
to optimize the design parameters of a solar assisted GSHP system. Neugebauer and Sołowiej
[58] proposed a two-criteria optimization to determine the minimum depth and diameter of
horizontal GHEs. The unitary heat flux from the ground to the horizontal GHE pipe was used
as the objective function and optimized by a GA.
Economic objectives were also frequently used for the optimal design of GSHP systems.
Ramamoorthy et al. [41] investigated various design alternatives on the performance of an
HGSHP system with a cooling pond in order to optimally size the GHEs and the cooling pond.
The system lifetime cost was used as the objective function. Sanaye and Niroomand [29] carried
out a thermal-economic optimization of a GSHP system with vertical GHEs. Two optimization
techniques of the Nelder-Mead method and GA were used to minimize the system total annual
cost. A similar optimization was also carried out for a GSHP system with horizontal GHEs [40].
18

Robert and Gosselin [31] proposed a model-based design methodology to optimally design
vertical GHEs and heat pump systems to minimize the total investment cost and operational
cost. A finite line-source borehole heat transfer model was used for performance evaluation and
Matlab ‘fmincon’ was used as the optimization technique. Xia et al. [30] proposed an optimal
design strategy for a GSHP system with integrated solar PVT collectors. The strategy was
formulated using an artificial neural network (ANN) model and a GA to minimize the LCC of
the system. Park et al. [75] presented a method to identify the optimal total length of GHEs and
an optimal control strategy for the supplemental equipment in HGSHP systems using the
response surface method. The optimization results based on the minimization of total initial
cost, total present value cost and annual energy use were presented, respectively. Each objective
function was considered independently in the optimization. Alavy et al. [76] proposed a design
method for HGSHP systems with auxiliary cooling and heating systems. The total ground loop
length was identified through a self-defined optimization algorithm, as shown in Fig. 4. Zhao
et al. [77] proposed a design method to optimally size a hybrid GSHP system integrated with
solar thermal collectors. The method was formulated using mathematical models and the
constrained variable metric method to minimize the system annual heating cost.
Besides the optimization based on economic and thermodynamic objectives, other objective
functions were also used in the development of optimization strategies. For instance, RezaeiBazkiaei et al. [27] adopted a performance index, namely the reciprocal of the difference
between the ground energy extraction rate and the power consumption rate of the circulating
pump as the objective function and a GA to optimally size the ground pipe of a horizontal GSHP.
Bayer et al. [78] presented a procedure that integrated analytical simulation and linear
optimization to optimally size the borehole heat exchanger field in terms of annual ground
temperature change. Katsura et al. [79] used the total heating and cooling loads from the GSHPs
in response to the total GHE length as the optimization objective and a GA to formulate the
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optimal design method for a heat-recovery GSHP system.
The main findings obtained from the above studies are summarized in Table 2. The above
studies showed that SOO strategies are generally effective to identify the ‘globally’ optimal
solutions for the optimization problems due to taking the system level/subsystem level
interactions and characteristics into account. However, such approaches mainly focused on
maximizing or minimizing one objective only and may sacrifice the system performance in
terms of other objectives.

Fig. 4. Illustration of the optimization method employed in [76], where α and β
represented the ratio of the peak demand that can be supplied by the GSHP system for cooling
and heating, respectively.
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Table 2 Summary of the optimization objectives, variables and techniques, as well as the findings reported in the main SOO studies reviewed.
Ref.

Optimization
objective

Optimization variables

Optimization
technique

[26]

Heat transfer rate per
unit borehole length

Distance between boreholes, and
borehole field configuration.

N/A

[27]

Reciprocal of the
difference between
ground energy
extraction rate and
pump power rate

Working fluid type and inlet temperature
ranges, and thickness and position of the
intermediate layer.

GA

[28]

Entropy generation rate

[29,
40]

Total annual cost of the
system

[30]

LCC

[31]

Total cost of the system

[34]

Entropy generation rate

U-tube length and diameter.

N/A

[35]

Entropy generation rate

Borehole depth and mass flow rate inside
the vertical GHE.

N/A

Number, depth, and radius of boreholes,
U-tube outer radius, and mass flow rate
of the GHEs.
U-tube diameter, inlet/outlet water
temperatures of GHEs and heat pumps,
and condensation and evaporation
temperatures in cooling/heating modes.
PVT type and area, the ratio of the PVT
tube width to the spacing, borehole depth,
and fluid mass flow rate per PVT tube
Borehole number and arrangement,
borehole depth and distance, and the ratio
of peak load provided by the GSHP.

GA

Nelder-Mead
method and GA

GA
Matlab “fmincon”

Main findings
Thermal interactions became negligible when
the distance between boreholes was more than
12 meters.
The seasonal energy extraction rates
optimized were quite different from the
highest achievable monthly values.

The optimal design can reduce the EGN of
12.2% and the total system cost of 5.5%,
compared to a base design case.
Optimal total annual cost decreased with
increasing heat transfer coefficient of soil and
GSHP systems have a small total annual cost
in temperate climates.
Optimization can decrease the 20-year LCC
of the system by more than 10% in
comparison to baseline design cases.
Borehole number and depth were the key
parameters influencing the total cost.
The optimal values increased the efficiency of
the heat pump.
Fluid velocity empirically determined was
generally too large to operate GSHP systems
efficiently.
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[36]

Exergy destruction

[38]

System COP

[39]

System COP with
optimal solar collector
area and GHE length

[41]

LCC

[58]

[69]

The total length of the GHE.

N/A

Borehole depth, inlet/outlet water
temperatures of evaporator/condenser.
Inner radius and thermal conductivity of
U-tube pipe and solar collector pipe,
borehole depth, specific heat capacity and
flow rate of the working fluid, and
reflectivity of the glass cover.
Borehole number and depth, and cooling
pond size.

Taguchi method
and utility concept

Unitary heat flux from
the ground to pipe

Outer diameter and depth of the
horizontal GHE.

GA

Underground interseasonal heat storage

Overall arrangement of borehole field
(relations between the number, diameter
and depth of boreholes)

N/A

Geometry configuration of the horizontal
GHE.

N/A

Borehole distance, borehole depth, and
backfill material properties

N/A

[75]

Total initial
cost/LCC/annual
energy use

Total length of the GHE and optimal
control strategy of the supplemental
equipment.

Response surface
method

[76]

Net present value of
total costs

Total ground loop length

Self-developed
algorithm

[73]

[74]

Thermal energy
transferred to the
ground
Average soil
temperature variation
after 10 years

Taguchi method

N/A

The GHE length can be reduced through
optimizing the water antifreeze inlet
temperature.
Borehole depth greatly affected system COP
with a percentage contribution of 67.77%.
The COP of this hybrid GSHP optimized
using the utility concept was 4.23, 8.74%
higher than that optimized using the Taguchi
method.
The total system energy consumption
decreased as the pond size increased.
The highest unitary heat flux was observed at
a diameter of 0.04 meters and an average
depth of 6.5 meters.
Borehole depth should be less than 100 meters
and the cylindrical storage volume of the
borehole field with its diameter twice their
height is preferred.
The helical GHEs outperformed linear and
slinky GHEs. The depth of horizontal GHEs
did not greatly impact system performance.
To solve soil temperature fluctuation,
performance analysis for the first 10 years is
important during the design.
17% decrease in total present value cost, 10%
decrease in annual energy use, and a 7%
increase in total initial cost as compared with
the results from another study.
The GSHP in the hybrid system can usually
meet more than 80% of the total annual
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[77]

System annual heating
cost

Solar collector area and total length of the
GHE.

Constrained
variable metric
method

[78]

Annual ground
temperature change

Overall arrangement of the borehole
field.

Linear optimization
technique

[79]

Total heating and
cooling load from
GSHPs

Total length of the GHE.

GA

heating and cooling demand of buildings
through optimization.
Optimization can lead to 16.7% improvement
in heat pump performance and 11.8%
decrease in annual cost.
Induced thermal anomalies can be
smoothened through optimization.
The heat recovery GSHP system was
outperformed a conventional GSHP system in
terms of the heating load that could be
covered and system COP.
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4.2 Multi-objective optimization (MOO)
As mentioned before, more than one objective is used in MOO to formulate the optimization
problem. Sayyaadi et al. [37] developed a MOO strategy for a GSHP system with vertical GHEs
to minimize both the exergy destruction rate and the total cost of the system. The sensitivities
of the optimized system to the operating hours, interest rate, and the cost of electricity were also
investigated. Sayyaadi and Nejatolahi [33] developed a MOO strategy for a GSHP system
assisted by a cooling tower to minimize the total irreversibility and the total product cost. A
total of twelve decision variables were optimized through the optimization process using a
multi-objective EA. A mixed-integer nonlinear programming approach and both an EA and
Generalized-Reduced-Gradient-2 (GRG2) algorithm were used in [80] to formulate an optimal
design strategy for GSHP systems with vertical GHEs. The total annual cost of the system,
system COP and the ratio of the total annual cost to the system COP, were considered as three
different objective functions.
Khalajzadeh et al. [56] carried out a MOO to determine the optimal values of the key
variables of vertical GHEs in a GSHP system using the response surface method to enhance
their heat transfer efficiency and heat exchanger efficiency. Huang et al. [63] developed a MOO
method for vertical GHEs to minimize the EGN and system upfront cost simultaneously. The
key design parameters were first determined via a global SA method and then optimized using
a multi-objective genetic algorithm (MOGA). The final solution of the MOO problem was
determined using a decision-making process, as shown in Fig. 5. Pu et al. [64] also proposed a
MOO strategy for vertical GHEs. This strategy was formulated using Kriging response surface
model and a MOGA to minimize the entropy generation rate and maximize the integrated
evaluation factor presented in Section 3 simultaneously.
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Normalized system upfront cost

1.2

Ideal unreachable point

1.0
0.8
0.6
Desired optimal point

0.4
0.2
0.0
-0.2
-0.2

0.0
0.2
0.4
0.6
0.8
Normalized entropy generation number

1.0

1.2

Fig. 5 Decision-making process to determine the final solution from the Pareto front [63].
Sivasakthivel et al. [81] performed a MOO to optimize eight design variables of a GSHP
system using the Taguchi method and utility concept. Three objective functions, i.e. COP, GHE
length, and thermal resistance of the GHE, were considered in the optimization with the
weighting factors of 0.35, 0.35 and 0.3, respectively. Zeng et al. [82, 83] developed a MOO
method for a combined cooling, heating and power-GSHP system to optimize three objectives
as listed in Table 3. Through appropriate optimization, substantial savings can be achieved as
compared to the stand-alone generation systems. Miglani et al. [84] developed a MOO method
(Fig. 6) to optimally size a building energy system which integrated a GSHP, solar thermal
collectors, solar PV collectors, a gas boiler and an electric heater. This method adopted a bilevel MOO framework which used a mixed-integer linear programming (MILP) and a MOGA
to optimize the total cost and CO2 emissions. Zhang et al. [85] carried out a GA-based
optimization analysis of a combined heat and power system integrated with biomass and GSHP.
A decomposition-based method was used to aggregate the multiple objectives used. Kavian et
al. [86] developed a MOO strategy for a GSHP system with variable speed drives. A multiobjective particle swarm optimization algorithm was used as the optimization technique. More
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details of these MOO studies reviewed and the main findings obtained are summarized in Table
3.

Fig. 6 Optimization strategy used in [84].
The results from the above studies illustrated that MOO strategies can generally result in
more reasonable solutions when compared with the baseline design strategies and SOO
strategies due to the consideration of multiple objectives. However, the objectives used in MOO
strategies should be carefully determined and the formulation of the optimization problems
needs to consider the computational efficiency and the criteria for determining the “globally”
optimal solution.

26

Table 3 Summary of the optimization objectives, variables and techniques, as well as the findings reported in the main MOO studies reviewed.
Reference

[37]

[33]

[56]

[63]

[64]

Optimization
objectives

Total cost and total
exergy destruction

Total cost and total
exergy destruction

Total heat exchanger
efficiency and heat
transfer efficiency
Entropy generation
rate and system
upfront cost
Entropy generation
rate and integrated
evaluation factor

Optimization variables

Optimization
technique

Temperature differences between brine inlet
and subcooled refrigerant temperatures in the
condenser, outlet air and superheated
refrigerant temperatures in the evaporator,
brine outlet and soil temperatures in GHE,
EA
inlet/outlet fluid temperatures of GHEs, air
inlet/ outlet temperatures of the evaporator,
degrees of superheating in evaporator and
sub-cooling in the condenser, and U-tube
diameter.
Condenser/evaporator saturation
temperatures, inlet/outlet brine temperatures
of GHEs, inlet/outlet water temperatures of
the cooling tower, ratio of the tube length to
Multishell diameter of condenser/evaporator,
objective EA
degrees of superheating in the evaporator, and
sub-cooling in the condenser, and brine
velocity in GHEs.
Reynolds number, inlet water temperature of
Response
the GHE, U-tube diameter and borehole
surface method
depth.
Borehole radius, number and depth, U-tube
outer radius and mass flow rate per U-tube.
GHE inlet water temperature and flow rate,
and U-tube diameter and spacing.

Main findings
Thermo-economic optimization
outperformed other optimization approaches
under different operating hours, electricity
prices and interest rates.

The solution of MOO is highly dependent
on the decision-making process and the
MOO results were between those of
thermodynamic and thermo-economic
SOOs.

MOGA

The response variables were greatly
influenced by both dimensionless inlet fluid
temperature and pipe diameter.
This MOO can save 6.2% energy, as
compared to using SOO.

MOGA

Compared to the original design, the entropy
generation rate decreased by 25.6% while
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[80]

Total annual
cost/system COP/ratio
of total annual cost to
the system COP

Borehole number and depth, mass flow rate,
and type and number of heat pumps.

GRG2 and EA

[81]

GHE length, system
COP and GHE
thermal resistance

The radius of U-tube, U-tube and grout
thermal conductivity, borehole radius, inlet
water temperature and flow rate of GHEs,
distance between U-tubes, and heating load.

Taguchi
method and
utility concept

[82, 83]

Primary energy saving The rated capacity of the gas engine, ratio of
ratio/CO2 emission
heating/cooling load provided by GSHP to the
reduction ratio/annual
total demand and a variable to determine
total cost saving ratio
on/off of the gas engine.

Multipopulation GA

[84]

Total cost and CO2
emission

Solar collector area, PV size, GHE length,
heat pump capacity, boiler capacity, and
storage tank diameter and retrofit scenario.

MOGA and
MILP

[85]

Primary energy saving
ratio/ CO2 emission
reduction ratio/annual
total cost saving ratio

Carbon conversion ratio, the rated power of
power generation unit, and temperature of
warm water.

GA

[86]

LCC and exergy
destruction

The number of boreholes, borehole depth, fan
coil heating/cooling set-points, and tube
lengths of condenser and evaporator.

Particle swarm
optimization

the integrated evaluation factor increased by
15.3%.
The use of GRG2 as the optimization tool
provided a more stable optimal solution and
the new method can save the total annual
cost of more than 10%.
The main parameters affecting system COP
were the heating load, inlet water
temperature and fluid flow rate, and U-tube
thermal conductivity.
The optimized values of the three
corresponding objectives for a case study
system were 26.10%, 35.02% and 15.13%
respectively, as compared to stand-alone
generation systems.
Ground temperature reduced 4 oC in 20-year
operation and window retrofit can achieve
27.3% CO2 emission reduction.
The optimal values of the three
corresponding optimization objectives were
7.61%, 66.52% and 23.62% respectively, as
compared to the separated production
system.
The average annual COP using the
optimized results was 5.58, 4.71 and 4.67
respectively for multi-usage, cooling and
heating operations.
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5. Review of control optimization of GSHP systems
Compared with the efforts on design optimization of GSHP systems, less work has been
made on control optimization of GSHP systems. A limited number of control strategies have
been particularly developed to optimize the performance of the GHEs. De Ridder et al. [57],
for instance, developed a control algorithm for borehole thermal storage systems to minimize
the terminal cost by using a dynamic programming technique. The optimization results
provided the optimal heat flux for a given field temperature, time and demand. Hecht-Méndez
et al. [87] proposed a control strategy to identify the optimal GHE operation patterns in a
multiple GHE field by taking the impact of the groundwater flow velocity into account. This
strategy was formulated using numerical models and a linear programming method. These
component-level control optimization studies focused on maximizing the performance of an
individual component without considering its interaction with other components. Over the last
decade, a number of control strategies have been developed for GSHP systems and aimed to
improve the overall performance by taking into account the interactions among different
components. These control strategies are reviewed in this study in terms of stand-alone GSHP
systems and HGSHP systems.
5.1 Control optimization of stand-alone GSHP systems
The Taguchi method and utility concept were used in [68] to determine the operating
variables of a GSHP system to enhance its overall COP. The operating variables were first
respectively optimized for cooling and heating operations using the Taguchi method. The utility
concept was further used to optimize the operating variables for combined heating and cooling
operation. The performance of on/off controlled GSHP systems and inverter-driven variable
capacity GSHP system was compared in [88] through numerical simulation. It was shown that
there was no significant difference if the on/off controlled GSHP can cover more than 65% of
the building peak heating demand. Madani et al. [89] further compared the performance of three
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different methods that were utilized to control the return/supply water temperature from/to
buildings for an on/off controlled GSHP system. The simulation results showed that the degreeminute method used to control the supply water temperature offered the lowest annual energy
consumption. Del Col et al. [90] studied the performance of a GSHP system equipped with
variable speed drives, in which a regulation strategy using proportional-integral actions was
used to control the compressor frequency and the water flow rates in both sides of the heat
pump as well as the fan operating speed of the fan coils. The results demonstrated the
importance of varying water flow rates in GSHP systems for improved energy efficiency.
A model predictive control (MPC) strategy was proposed by Sundbrandt [91] for a GSHP
system. The controller used a mixed-integer quadratic programming solver and was
implemented in Matlab. A control strategy to identify the optimal combination of the ground
loop flow rate and the GHE outlet water temperature with variable speed pumps was presented
in [92, 93]. In both studies, simplified models acted as the performance predictors. In [92], an
exhaustive search method was employed to determine the optimal control settings while an
optimization technique which integrated a performance map-based strategy and the exhaustive
search method was used in [93] as the optimization technique. The results showed that the
model-based strategies outperformed a two-stage control strategy. Zhang et al. [94] developed
a nonlinear control strategy for GSHP systems, in which a radial basis function neural network
was used to estimate and forecast the performance of the GSHP system, and the adaptive
particle swarm optimization was used to identify the optimal control settings. Salque et al. [95]
developed an ANN-based predictive controller for a floor heating system integrated with a
GSHP system. The ANN modules were used for weather forecasting and predicting the power
consumption of the GSHP and thermal behavior of the building. The performance of the
controller was tested by simulations and compared with two reference controllers. A control
strategy for a GSHP system with on/off capacity control was presented by Gao et al. [96] to
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optimize the chilled water return temperature and the control bandwidth of the water
temperature. The effectiveness of this control strategy was evaluated based on TRNSYS
simulations. Edwards and Finn [97] presented a near-optimal control strategy to predict the
water flow rates of GSHP systems under part load operations. This strategy was evaluated based
on both single and tandem speed heat pump systems, respectively.
Performance map-based control strategies for GSHP systems have also been developed.
Montagud et al. [25] developed interesting performance maps that represented the system
performance factors as a function of pump operating frequency under various partial load
conditions for both heating and cooling operations. Fig. 7 presents an example of such a
performance map developed for the heating operation under the partial load ratio of 0.5. The
performance maps were generated through the experimental characterization and the quasisteady state performance maps construction. An in situ experimental method was developed in
[98] to optimize the energy performance of a GSHP system equipped with a multistage heat
pump unit that consisted of two compressors and variable speed pumps in both loops. This
strategy was an extension of the strategy developed in [25] from single-stage heat pump systems
to multistage cases. However, this methodology was unable to ensure user comfort under
extreme summer weather conditions. An updated control strategy [99] which considered the
variation of the pump frequency and the heat pump supply water temperature was therefore
developed to satisfy user comfort during the whole cooling season while achieving high energy
savings. This control strategy was then implemented and evaluated in a GSHP system in an
office building in Valencia, Spain [100]. The results from the aforementioned studies illustrated
that these performance map-based control strategies could reduce the system power
consumption and increase the system performance significantly, as compared to the standard
nominal frequency operation.
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Fig. 7. Illustration of the performance factor as a function of pump frequency under the partload ratio of 0.5 for the heating operation [25].
The findings from the studies reviewed in this section showed that optimal control strategies
can generally work better with improved energy performance in comparison with conventional
control strategies. However, the majority of the control strategies developed were validated
through simulations and the actual performance by using these control strategies in practical
applications might differ from the results generated from simulations. The use of performance
map-based control strategies may result in inefficient operation if the operating conditions are
significantly different from the data used to generate the performance maps. The tolerance of
potential operating faults and performance degradation in such methods is limited unless the
performance maps are updated periodically.
5.2 Control optimization of HGSHP systems
Optimal control of HGSHP systems is rather challenging. The use of supplementary heat
and/or cold source makes the optimization problem highly nonlinear and more operational
constraints should be taken into account. To date, only a few optimal control strategies were
developed for HGSHP systems. Gong et al. [101] investigated three control strategies (i.e.
constant temperature difference, constant entering cooling water temperature, and fixed running
time) to determine the optimal input capacity of the cooling tower in a cooling tower assisted
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GSHP system. It was found that the control strategy using the constant temperature
difference between the cooling water temperature leaving the heat pump and the ambient
air dry-bulb temperature outperformed the other two strategies. Si et al. [102] presented the
performance evaluation and optimization of a solar GSHP system. It was concluded that
connecting GHEs with the heat exchangers of fan coils directly in the transient seasons while
switching off the heat pumps is an optimal strategy to minimize energy consumption. Fan et al.
[74] compared six basic strategies used to control the cooling tower in an HGSHP system. They
included temperature control, dry-bulb temperature difference control, wet-bulb temperature
difference control, cooling tower running at night, cooling tower running in the transition
season and cooling tower timely running. It was concluded that using a single strategy cannot
ensure an increase in the soil temperature and a reduction in energy consumption. A
combination of several strategies could offer a better result. Yang et al. [103] compared four
control strategies for a GSHP system integrated with two cooling towers. These four strategies
consisted of different schedules to operate the GSHP system and two cooling towers in order
to solve soil heat accumulation. The results from TRNSYS simulation showed that the payback
period of the additional cost for the cooling towers was three years if the operating schedules
were appropriately determined. Verhelst [104] proposed an MPC strategy for optimizing the
operating performance of an HGSHP system that consisted of a GSHP system, a gas boiler, a
chiller, and a passive cooling system. The control objective was to maximize thermal comfort,
minimize energy cost and avoid ground thermal imbalance. The automatic control and dynamic
optimization toolkit [105] was used to discretize the optimal control problem and the resulted
discrete-time optimization problem was solved using a Sequential Quadratic Programming
method. This strategy can save up to 20-40% energy cost savings, in comparison to the
heating/cooling curve-based strategies. Atam et al. [106] proposed a convex approach for nonconvex optimal control of an HGSHP system integrated with an air-cooled chiller, a gas-fired
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boiler, and a passive cooling system. The optimization problem was solved using an IBM
CPLEX optimizer [107]. It was shown that the results obtained from this method were close to
that using dynamic programming in terms of dynamic trends and global cost. Atam et al. [108]
further utilized three control approaches, namely a prediction-based dynamic programming
control, a nonlinear MPC, and a linear optimal control, to optimize the performance of this
HGSHP system. The results showed that the nonlinear MPC exhibited a better performance
than the other two strategies when all the factors such as applicability, and savings in annual
cost were taken into account simutaneously.
The operation of a GSHP system integrated with cooling towers was optimized by Hu et al.
[55, 109] by using extremum seeking control. The energy consumption of the system was
minimized through optimizing the operating speeds of the cooling tower fan and water pump.
The performance evaluation showed that this extremum seeking control strategy can achieve
near-optimal performance without using a mathematical model. Andrew Putrayudha et al. [54]
proposed a fuzzy logic controller aiming to reduce the energy consumption of a PVT-GSHP
system. The controller consists of a fuzzy logic control system for the GSHP system and a fuzzy
logic control system for the PVT system. The results showed that this controller outperformed
a conventional on/off controller. Xia et al. [110] presented a control strategy for a GSHP-PVT
system. In this strategy, simplified adaptive models were used to predict the system
performance and a GA was employed to identify the energy-efficient control settings. It was
found that this control strategy can reduce energy usage, and increase electricity generation,
when compared to a baseline strategy. Ikeda et al. [111] presented an optimal control strategy
for an HGSHP system with three heat pump units, an auxiliary boiler and an air-source heat
pump. This strategy used numerical models and a new optimization algorithm called epsilonconstrained differential evolution with random jumping to determine the optimal load rates of
the system components under dynamic working conditions. An MPC controller for a solar
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assisted GSHP system was presented by Weeratunge et al. [112], in which simplified
mathematical models and MILP were used to identify the optimal control settings. A rule-based
control strategy for an HGSHP integrated with a cooling tower and a water-cooled chiller was
presented by Wan et al. [113], in which the outdoor air wet-bulb temperature was used to
determine the priority of operating the GSHP and the water-cooled chiller. Mokhtar et al. [114]
described a multi-agent system for an HGSHP system with gas boilers, in which an ANN was
used to provide incremental learning and support the decision making to determine on/off status
of the GSHP and gas boiler. Gang and Wang [115] presented a control strategy using ANN
predictive models for a GSHP system integrated with a cooling tower for decision-making to
use the GHEs or the cooling tower for heat rejection. It was found that ANN models can provide
a reasonable prediction of the outlet solution temperature from the GHE.
Most of the above control strategies reviewed employed comprehensive optimization
algorithms which included specific optimization objective(s), optimization variables,
optimization methods and techniques to solve the highly nonlinear and dynamic control
optimization problems of GSHP systems. They were tested and validated using either
simulations or experiments. It is evident from the reviewed studies that energy or cost savings
can be achieved when using these control strategies as compared to conventional strategies.
However, the reliability and long-term control performance of these strategies in practical
applications should be further tested. The major findings of these control optimization studies
reviewed are presented in Table 4.
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Table 4 Summary of the main studies on the control optimization of GSHP systems.
System
type

Vertical
GHEs

Optimization
objective
System
operational
cost
Maximum
overall ground
temperature
change
System
performance
factor

Optimization variables

Control
method

Optimization
technique

Heat extraction from the ground

Modelbased

Dynamic
programming

GHE operation patterns

Modelbased

Linear
programming

Internal and external circulation
pump frequencies with a singlestage heat pump unit
Condenser inlet/outlet
temperatures, outlet temperature
of the evaporator and dryness
fraction at the evaporator inlet.
On/off of heat pump and the
control signal of the three-way
valve to determine whether to
produce domestic hot water or
radiator water.
Outlet water temperature of the
GHE and the flow rate in the
source side of the heat pump

Performanc
e mapbased

N/A

Experiment
al-based

Taguchi method
and utility concept

Modelbased

Mixed-integer
quadratic
programming

Modelbased

Exhaustive search
method

System power
consumption

GHE outlet water temperature and
the source side flow rate

Modelbased

A hybrid
optimization
technique

Total system
energy
consumption
Energy
consumption

Supply water temperatures and
flow rates of the source side and
user side.
On/off trajectory of the heat
pump.

Modelbased

Adaptive particle
swarm optimization

Modelbased

Computed all
possible trajectories

System COP

Standalone
GSHP

System power
consumption

System power
consumption

Main findings
The controller outperformed a classical controller
which did not consider the minimum delivery
constraints.
It can identify the optimal GHE operation patterns
to level the ground temperature distribution. The
mean outlet temperatures from boreholes can be
increased.
A reduction in annual power consumption of 28%
was achieved, compared to the nominal frequency
operation.
The optimal COP of 4.25 and 3.32 was achieved
through the Taguchi optimization for heating and
cooling operations, respectively.
A reduction in system power consumption of 13% can be achieved, as compared to a
conventional controller.

The strategy can result in a reduction in cooling
power consumption of 4.2%, as compared to a
two-stage control strategy.
It can reduce the cooling and heating power
consumption of 9.0% and 8.0% respectively, as
compared to a rule-based strategy.
This strategy can reduce the total system energy
consumption of 4.15%, as compared to a baseline
strategy.
This strategy can save up to 18% energy as
compared to the conventional control strategies.

Ref.
[57]

[87]

[25]

[68]

[91]

[92]

[93]

[94]
[95]
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and thermal
comfort
System power
consumption

Width of the water temperature
control band and the set-point of
the chilled water return
temperature.

Modelbased

Self-developed
optimization
algorithm

System COP

Internal (load side) and external
(source side) circulation pump
frequencies.

Modelbased

An analytical
equation to estimate
the optimal flow

System
performance
factor

Internal and external circulation
pump frequencies, supply water
temperature of the heat pump.

System energy
consumption

Cooling tower airflow rate of and
the water pump flow rate.

System energy
consumption

Hybrid
GSHP
systems

System energy
consumption

The fractional state of the GSHP
operation and the PVT circulation
pump speed.
Supply water temperatures in both
sides of heat pumps, water flow
rates of the PVT collector and
ground recharge.

Performanc
e mapbased
Extremum
seeking
control
Fuzzy logic
control

It can save power consumption of 9.59% and
2.97% in a spring day and summer day
respectively, compared to a basic strategy.

N/A

An increase in the seasonal system performance
of over 20% in heating and 40% in cooling can be
achieved, as compared to the nominal frequency
operation.
The new strategy can increase the seasonal
performance factor of 33%, as compared to
another control strategy.
This strategy can save 9.3% energy consumption,
as compared to that using constant settings.

N/A

This strategy can save 18.3% energy in
comparison to an on/off control strategy.

N/A

Modelbased

GA

System
operational
cost

Heat generation ratios of the
GSHP units, auxiliary boiler and
air-source heat pump.

Modelbased

An epsilonconstrained
differential
evolution

System
operational
cost

The operation status of the heat
pump, circulation pumps, and the
auxiliary heater.

Modelbased

MILP

System energy
consumption

Operation priority of GSHP and
water-cooled chiller

Rule-based

-

This strategy can save 7.8% and 7.1% energy and
generate 4.4% and 6.2% more electricity in the
cooling and heating operations, compared to a
baseline strategy.
The strategy can reduce the operational cost by
12.56% based on seven days test, compared to the
empirical operation.
This strategy can reduce the operational cost by
7.8% in the coldest month, compared to a
conventional set-point controller.
The strategy can result in 5.6% energy
consumption as compared to the GSHP-prioritized
method.

[96]

[97]

[99]

[55]

[54]

[110]

[111]

[112]

[113]
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System energy
consumption

On/off of the heat pump and the
gas boiler.

Modelbased

A multi-agent
system

The strategy can reduce gas consumption by 23%,
compared to the existing control strategy.

[114]
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6. Discussions
As shown in Table 5, the initial investment costs of GSHP systems are generally higher
than other types of HVAC technologies such as ASHP systems, district heating systems and
gas furnaces, mainly due to the installation of GHEs. However, the magnitudes of the
investment difference between GSHP systems and other HVAC technologies were different
and dependent on the application scenario and climate condition. The higher initial investment
costs of GSHP systems will result in a longer payback period and less return on investment,
making GSHP systems being less attractive in many applications. Therefore, appropriate design
and control optimization of such systems are critical to maximizing their overall benefits.
The review on optimal design clearly showed that both SOO and MOO strategies developed
based on the global optimization concept can provide better performance for GSHP systems as
compared to that using rule-of-thumb methods and strategies that did not consider the
system/subsystem level interactions and characteristics in the formulation of the optimization
problem. In MOO design strategies, more than one objective can be used and the optimization
solution is therefore determined based on the trade-offs among different conflicting objectives.
In both SOO and MOO strategies, sensitivity analysis was frequently employed to determine
the key decision variables to reduce the complexity of the optimization problem.
The review on optimal control also showed that energy savings can be achieved when using
optimal control strategies developed for GSHP systems, in comparison to that using simple
rule-based control strategies. As summarized in Table 4, the majority of studies used a modelbased approach to formulating the control optimization problem. Although many mathematical
models have been developed for GSHP systems, the majority of the models were developed for
design purposes or detailed investigation of the ground heat transfer. Reliable models suitable
for online control applications are still needed. These models should require limited data and
fewer efforts for model training, and have less computational costs and simplified structures.
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MPC has been extensively used to optimize the operation of HVAC systems, however, a very
limited number of studies attempted to develop MPC for GSHP systems. Compared to standalone GSHP systems, the complexity of the control system for HGSHP systems is increased
due to the increased number of control variables. With the development of Internet-of-Things,
large amounts of operational data would be readily available, data driven approach will
certainly play a role in optimizing the operation of GSHP systems although this method has not
been widely used for GSHP systems.
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Table 5 Comparison of initial costs of GSHPs with other HVAC technologies reported in the previous studies.
Ref.

Purpose

[116]

Heating
only

[117]

Heating
&
Cooling

[118]

Heating
&
Cooling

[119]

Heating
only

[120]

Heating
&
Cooling

[121]

Heating
&
Cooling

[122]

Heating
&
Cooling

HVAC technologies

Investment cost

GSHP
ASHP
Electric baseboard heater
Natural gas furnace
GSHP
ASHP
ASHP & Gas furnace
GSHP
Chiller & Gas furnace
Chiller & District heating
GSHP
Gas-based heating system
District heating
GSHP

9,000 (Canadian dollars)
4,900 (Canadian dollars)
1,550 (Canadian dollars)
1,500 (Canadian dollars)
31,041 (Australian dollars)
8,481 (Australian dollars)
12,684 (Australian dollars)
315 RMB/m2
206.9 RMB/m2
278.4 RMB/m2
2,684 (Euros)
2,362 (Euros)
1,050 (Euros)
27,871 (Rand)

ASHP

11,457 (Rand)

GSHP (400 m GHE)
GSHP (600 m GHE)
GSHP (800 m GHE)
ASHP
GSHP
GSHP
ASHP

10,600 (Euros) (Note: This is the price
difference with the ASHP)
16,200 (Euros) (Note: As above)
21,800 (Euros) (Note: As above)
Not provided
585,173 (Saudi Riyal) (Ground temperature:
26.5oC; GHE loop length: 4,082 m)
731,640 (Saudi Riyal) (Ground temperature:
29oC; GHE loop length: 5,831 m)
160,000 (Saudi Riyal)

Description
Three Canadian locations were considered. The
initial cost of each system was assumed the same
for the three locations.
The cost of the GSHP system was the average
capital cost observed from a program and the cost
of the ASHP was from a construction cost guide.
The GSHP system was designed for a multipurpose stadium and a library building. Both
vertical boreholes and horizontal GHEs were used.
The comparison was carried out based on a threezone passive house. A 4 kW GSHP system was
used.
The actual cost was used for the ASHP. The cost
of the GSHP was estimated based on the
modifications of the ASHP.
A typical residential house in Cyprus was
considered. The costs used were the average
prices taken from the suppliers in Cyprus in
October 2018.
A bank building which has a total area of 584 m2
located in Riyadh Saudi Arabia was considered.
The total cooling and heating loads of the building
were 196.2 kW and 38.1 kW, respectively.
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7. Conclusions and future research directions
This work discussed the general issues related to the optimization of GSHP systems and
provided an overview of recent progress and advances in optimal design and control of GSHP
systems. The main conclusions obtained are presented as follows.
1) There is a large body of research on design optimization of GSHP systems, in particular
of GHEs, available in the open literature. Compared to the studies on design
optimization, fewer efforts have been paid on control optimization of GSHP systems.
2) Energy consumption of GSHP systems can be reduced through appropriate design and
control optimization. Both SOO and MOO strategies have been used for GSHP design.
Compared to SOO strategies, MOO strategies can generally provide more reasonable
results and they are receiving increasing interest.
3) Sensitivity analysis (SA) has been demonstrated to be useful in the formulation of
optimization problems for GSHP systems to reduce the variables to be optimized. This
further reduces the complexity of the optimization problems and computational costs.
However, the variation ranges of the variables used in SA should be carefully
determined.
4) The majority of optimal design and control strategies developed for GSHP systems were
validated based on simulations or applied to small and simplified systems.
5) Model-based approach and data-driven approach have been used to develop the
optimization problems for GSHP systems. The reliability of the model-based approach
can be further improved by using adaptive models. The data-driven approach does not
require a performance model but generally requires extensive data in order to compute
‘globally’ optimal solutions.
Research on optimal design and control optimization of GSHP systems is continuously
needed and future research could focus on the following areas in order to promote the wide
42

deployment of GSHP systems and assist in achieving a clean energy future.
•

Development of innovative solutions and devices that can greatly reduce the
installation cost of GHEs.

•

Development of robust fault detection and diagnosis strategies to timely detect and
identify potential operating issues and faults to improve the long-term operating
performance of GSHP systems.

•

Development and deployment of low cost sensors for GSHP systems to facilitate
high quality data collection and development of data driven controllers.

•

Development of robust model predictive control strategies that can provide reliable
forecast and optimized control performance, in particular for renewable integrated
GSHP systems.

•

The applicability, reliability, and effectiveness of the optimal control strategies in
practical applications with long term operations are worthwhile to be further
investigated.
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